THE work described in the present paper is based, broadly speaking, on two facts. The first is that the calcified part of the enamel is crystalline, and the second is that it absorbs X-rays much more heavily than the other constituents. Because it is crystalline the calcified portion has the property of diffracting X-rays (i.e. of scattering an X-ray beam in certain directions only instead of in every direction 1), and from the way in which it does this the composition and structure of enamel have been determined. Owing to the heavy absorption of this portion its distribution within the enamel has also been ascertained.
pattern will be obtained which consists of a series of concentric circles of various intensities. This pattern is characteristic of the crystal under examination, being different for each substance, and is obtained whether the crystalline particles be macroscopic, microscopic, or submicroscopic. X-ray examination provides, therefore, a very useful means of identification, and when applied to enamel shows beyond doubt that the inorganic portion consists largely of some form of apatite, Cal0(PO4)6X2. In this formula X may be F, Cl or (OH), and chemical evidence suggests that in the case of enamel it is (OH), and that the apatite is therefore hydroxyapatite (Bowes and Murray, 1935) . The first X-ray diffraction photographs of enamel published by the author and by other workers were not sufficiently detailed to permit of a distinction being drawn between the various types of apatite, but from more recent photographs (Thewlis et al., 1939) it can be seen that enamel does in fact consist largely of hydroxy-apatite. Fig. 2 , in which the most recent photographs are reproduced, shows that the X-ray diffraction patterns of dental enamel and hydroxy-apatite are remarkably Specimen Photoqraphbc p/ate FIG. 1.-The diffraction of X-rays by a crystalline material. similar, whereas those of fluor-and chlor-apatite are clearly different both from each other and from the rest. These photographs represent sections of a pattern such as that illustrated in fig. 1 , corresponding to the portion outlined by dotted lines in that diagram, with the difference that a strip of film was used instead of a flat plate.
The film was bent into the form of a cylinder of which the axis passed through the specimen.
Every crystal, be it large or small, is built up by the repetition of a certain grouping of atoms, characteristic of that crystal. This unit group of atoms, or " unit cell " as it is often called, is repeated over and over again in three dimensions in the same way as the pattern of a wall-paper is repeated in two, the nature and arrangement of the atoms in the unit determining the details of the X-ray diffraction.
The shape of the unit cell of apatite is that of a hexagonal prism and may be represented as in fig. 3 , a crystal being made up by the continued repetition, in all directions, of the shaded portion in this diagram. The dimensions of the unit cell, which may be determined from the photographs reproduced in fig. 2 in Table I . In this table the length of a side of the unit is denoted by "' a " and the height by " c ". These lengths are expressed, as is customary, in Angstroms (IA = 108 cm.), and it will be seen that the similarity between enamel and hydroxyapatite is again clearly demonstrated. Chemical analysis (Bowes and Murray, 1935) shows that small amounts of magnesium and carbon dioxide are present in enamel, and it has been concluded (Thewlis et al., 1939) that the former replaces some of the hydroxy-apatite calcium and that the latter probably exists as carbonate.
HaAaqonaI axis l~~~~l~~~F IG. 3.-Hexagonal unit cell.
THE STRUCTURE OF ENAMEL
From measurements of the width of the lines of an X-ray diffraction patt,ern it is possible to calculate the average size of the crystalline particles which give rise to the pattern. When this is done for human enamel (Bale et al., 1934) it is found that the average crystal size is about 0 3 ,u. Now an enamel prism is at least as long as the enamel is thick, and its breadth is usually between 2 and 5 ,; hence it must contain a multitude of apatite crystallites (i.e. minute crystals). The question of the arrangement of these crystallites with respect to the prism at once arises.
It has already been stated that a powdered crystal gives rise to a. diffraction pattern consisting of concentric circles of various intensities. In a powdered crystal the individual crystallites are of course arranged at random; if, however, a material is examined in which the crystallites are not arranged at random, but in some orderly fashion, the intensities of the concentric circles are found to vary not only from circle to circle but also in different parts of the same circle; and if the arrangement is very well developed the pattern will consist not of complete circles but of short symmetrically situated arcs. This is the type of photograph given by a section of enamel, from which it may be concluded that the apatite crystallites are here arranged according to some definite scheme. Such a photograph is reproduced in fig. 4 . It was obtained by passing a fine beam ofX-rays through a longitudinal tooth section ofthickness about 01-02 mm., the photographic plate being set up as in fig. 1 . It has been shown (Thewlis, 1932 (Thewlis, , 1935 ) from photographs such as fig. 4 , that the apatite crystallites are so arranged that their hexagonal axes (see fig. 3 ) tend to be parallel to the direction AB; and Table II shows how closely the observed results agree with those calculated on this basis. indices 1 of the corresponding planes. The third column gives the observed angles between a line such as AB in fig. 4 and radii passing through the mid-points of the various arcs; and the fourth gives the calculated values of these angles.
A direction in a body to which the crystal axes tend to be parallel is known technically as a " fibre-axis." In dogs' enamel there is, at each point, one such axis, but in human enamel (both deciduous and permanent) two fibre-axes are often noted, and the arcs of fig. 4 are then doubled as in fig. 5 . In this photograph the fibre-axis directions are indicated by the lines (i) and (ii).
The two fibre-axis directions in human enamel, to which the hexagonal axes of the hydroxy-apatite crystallites tend to be parallel, may be seen from fig. 5 to be inclined to each other at an angle of about 300. The two sets of arcs in this photograph are roughly of the same intensity, but it is usually found that one set is stronger than the other, the majority of the crystallites having their axes parallel to the corresponding fibre-axis. The arrangement of the crystallites with respect to the prisms has been de, rmined for human deciduous enamel by comparing the X-ray photographs of a number of enamel " areas " with their photomicrographs (Thewlis, 1939a) . This work has shown that the direction to which a majority of the crystallite axes tend to be parallel (fibre-axis (i)) makes an angle of about 50 with the prism direction, whereas the other fibre-axis (fibre-axis (ii)) is inclined to it at about 400. The fibre-axes point to that side of the prism remote from the tip of the nearest cusp, the directions being taken away from the tooth. A diagrammatic illustration of this result is given in fig. 6 .
In the course of the investigation it was established that both groups of crystallites (i.e. those with their axes inclined at 5°and 40°respectively) are present in individual prisms, within which variations in the degree of perfection of the crystalline arrangement may occur. These variations give rise to different types of X-ray photograph, which are referred to later.
The investigation also showed that one or both of the two groups of crystallites present in the prism material may also be present in the interprismatic substance.
X-ray examination alone gives no further information, but when the X-ray results are combined with the results of examination by the polarizing microscope a picture of the structure of the interprismatic substance may be obtained. This involves a calculation of the optical properties of enamel (Thewlis, 1939b) , which is outside the scope of the present paper; and the conclusion arrived at is that whereas the prism material is characterized in general by a predominance of the 5°group of The crystallites, the 40' group usually predominates in the interprismatic substance. A given portion of enamel, however, rarely contains as many 40°as 5' crystallites, and indeed the 40°group is sometimes entirely absent. This conception explains the optical properties exhibited by the prisms and the interprismatic substance both in longitudinal and transverse sections of prisms.
The submicroscopic structure of enamel, according to the ideas outlined above, is illustrated diagrammatically in fig. 7 . Two prisms with their organic sheaths and the interprismatic substance are drawn, the organic sheath having been cut away from one prism so as to reveal the arrangement of crystallites within. These crystallites are represented by short lines which signify the directions of the crystallite axes. They are arranged in rows in order the, more easily to illustrate the relative numbers belonging to the 50 and 40 groups. The actual positions of the crystallites as distinct from their directions are, of course, unknown. Three different types of crystallite arrangement, varying in degree of perfection, have been recognized and are illustrated in fig. 8 , together with the X-ray photographs to which they give rise. These photographs will be seen to differ in the intensity and sharpness of the diffraction arcs. Similar types of X-ray photograph are also found to occur as a result of differences in the degree of prism regularity. 
THE DEGREE OF CALCIFICATION OF ENAMEL
As already indicated, the calcified portion of a tooth absorbs X-rays to a much greater extent than the other constituents, and it is therefore possible to detect variations in the degree of calcification by radiographic examination.
If a tooth section is placed in contact with a photographic plate or film and exposed to a beam of X-rays the resulting radiograph will be most dense in those places that correspond to the lowest degree of calcification. Thus the dentine will give rise to a denser shadow than will the enamel, and local variations in the degree of calcification will give rise to corresponding variations in photographic density.
In this way it has been found that Schreger's bands , the striae of Retzius, incipient caries and enamel spindles  Applebaum et at., 1933), and mottled enamel (Applebaum, 1936) are all associated with local variations in the degree of calcification. It has also been shown (Thewlis, 1937a ) that areas of enamel which have taken up stain, and the discoloured areas sometimes referred to as " pigmented " (M. Mellanby, 1934) , tend to possess a low degree of calcification.
The author's work has been concerned mainly with the determination of the general features of enamel calcification, and with the development of a radiographic method capable of use not only qualitatively but also quantitatively, the object being to determine the degree of calcification in terms of the actual percentage of calcific matter present. For such work it is essential that an X-ray beam of known wave-length be employed, since the X-ray absorption, upon the measurement of which any quantitative method must depend, varies markedly with wave-length. Consequently the socalled " grenz " rays, which have been widely used for the radiographic examination of teeth, are not suitable. These rays consist of " white " radiation produced at a low voltage, and are composed of X-rays with a range of relatively long wave-lengths, the values and relative intensities of which are uncertain. The characteristic K radiation of copper, of which the wave-lengths are accurately known, has therefore been used for the radiographic work described in this paper. Radiographic methods for the quantitative measurement of the X-ray absorption of teeth have been described by ), Hollander and Vesely (1936 , and by Hodge et al. (1935) , but in each case the authors have restricted themselves, in effect, to a determination of that thickness of a suitable metal which is equivalent in absorption (under specified conditions) to the part ofthe tooth examined. Although
Hollander uses a very sensitive ionization method in his comparisons, which is claimed to be liable to an error of only ± 0330/ , he employs white radiation (see above) consisting of a range of indeterminate wave-lengths; and the extension of his results to the absolute determination of absorption, and hence to the estimation of the actual percentage of calcific matter present, is therefore out of the question. A similar remark applies to the densitometric method of Hodge et al. Both meth,ods suffer, too, from the disadvantage that only relatively large areas of the tooth section can be examined at one time, a circular disc of 1 mm. diameter being examined by Hollander's method and an area of similar size by that of Hodge et al. By a development of the microphotometer method previously used (Thewlis, 1937a and b) the degree of calcification may, however, be measured from point to point throughout any desired portion of a tooth, continuous changes may thus be followed, and " line " effects, which would perhaps be missed by other methods, can be detected and measured with comparative ease. The instrument used is the Moll self-recording microphotometer, in which a very fine beam of light passes through the radiograph under examination and falls on a thermopile, the resulting current being measured by a galvanometer, the deflection of which is recorded by a spot of light on a moving drum of bromide paper. The drum is geared to the plate holder, which moves so as to draw the radiograph across the original beam of light, and since the thermopile current is a measure of the photographic density, there is obtained on the bromide paper a record of the variations in density across the portion of the radiograph examined, and hence a record of the variations in the degree of calcification across the corresponding portion of the tooth section. Fig. 9 is a typical microphotometer record obtained by the examination of enamel. The zero line in this record corresponds to infinite photographic density, i.e. to total blackness, and therefore to a complete lack of calcification. The higher any part of such a record is above this line the greater is the X-ray absorption, and hence the degree of calcification, in the corresponding part of the tooth.
It will be seen from fig. 9 that at the outer edge of the enamel the record shows a peak, labelled A. This corresponds on the radiograph itself to a line bordering the outer edge of the enamel, which is less dense than the rest of the enamel and appears white by contrast.
This effect suggests that the X-ray absorption, and therefore the degree of calcification, is higher at the outer edge than in the rest ofthe enamel, and it was accordingly concluded (Thewlis, 1934 ) that an outer " hypercalcified " layer was present. It was pointed out, however, by known as the " Mackie " effect, might account for the presence of the white line on the radiographs. They obtained a radiograph of aluminium sheet showing this effect along the edge, and the author has repeated their experiment with the same result. In spite of this there are certain facts that seem to indicate that the white line in radiographs of enamel might be due to true hypercalcification in addition to the Mackie effect. This line is found to persist through an incipient caries lesion (dark on the radiograph) when it has been almost completely eliminated from the remainder of the enamel adjacent to it. Since strong contrast is necessary for the presence of the photographic effect, whereas in this case areas of roughly equal density lie on each side of the white line, the latter can hardly be photographic in origin. Moreover, it is found that the white line sometimes varies in intensity and width in different parts of the same section, which suggests that an effect due to hypercalcification may be superimposed on the photographic effect. Radiographs showing the extensions of the white line into an incipient caries lesion have been published by Applebaum (1938) .
In view of this uncertainty a series of experiments was made (Thewlis, 1937b) with the aid of the microphotometer in order to test the possibility of the white line being due in part to true hypercalcification. In these experiments microphotometer records taken across the radiograph of the outer enamel edge were compared with those taken across a nearby broken-off edge of enamel. A number of examples were In such cases the intensity of the microphotometric peak corresponding to the outer enamel edge was found to be three or four times greater than that corresponding to the broken-off edge.
The experiments also revealed the existence of a gradient of calcification in the enamel. This may be seen in fig. 9 , in which it will be noticed that the height of the record above the zero line decreases as the distance from the enamel surface increases. Such a gradient was noted in the majority of the teeth examined and was shown not to be photographic in origin. It was therefore concluded that the degree of calcification decreased steadily from the enamel surface to the amelo-dentinal junction., The hypercalcified layer referred to above may be considered as a culmination of this observed gradient of calcification.
The significance of the steady change in degree of calcification across the enamel is clearly of interest. The fact that the surface enamel is harder than the interior enamel, which has been reported by Karlstrom (1931) and by Hodge and McKay (1933) is now explained. The figures of the latter workers may be noted in this connexion. They find that " the hardness of the enamel varies from 330 to 910 as we go from the dentine through about nine-tentbs of the thickness of the enamel, while the extreme outer edge, both of occlusal and buccal enamel, maintains a maximum value of 2,050 ".
The degree of calcification of enamel also affects its birefringence, and it has been shown (Thewlis, 1940) that the examination of enamel by the polarizing microscope gives results which are in agreement with the above X-ray results. The latter also confirm the finding of Karlstrbm (1931) that the surface enamel possesses a higher specific gravity than does the interior enamel. So far we have been concerned with qualitative measurements of a relative character, but as already indicated, a method has recently been developed (Thewlis, 1940) by which the degree of calcification may be expressed in terms of the actual amount of calcific matter present. This method involves the absolute determination of the X-ray absorption at a given point in the enamel; from which, since the absorption due to each constituent of enamel is known, the amount of calcific matter can be calculated. Applications of the method to a human tooth section, taken at random, showed that the amount of calcific material present in the enamel was about 92% by volume. This figure is not necessarily typical, and further work will have to be carried out before any general conclusions can be drawn or any average figures put forward.
The method can in no way be regarded as a substitute for chemical analysis. By its use, however, the amount of calcific material present in a given volume of enamel may be determined. This varies from place to place in the enamel, and may be different for different teeth, even though the calcific matter itself might give the same chemical analysis each time. (No chemical method would, of course, be capable of giving separate analyses for a continuous series of points in a tooth such as can be examined by the microphotometric method.)
The importance of this is obvious, for some aspects of the behaviour of a tooth may well be related to the amount rather than to the chemical composition of the inorganic material. A complete discussion of the work as a whole has appeared in the Medical Research Council's Special Report Series (Thewlis, 1940) ACKNOWLEDGMENTS This work was carried out on behalf of the Medical Research Council's Committee on Dental Disease, and the author is indebted to them for permission to publish the results. 1 A similar conclusion wsas arrived at independently by Hodge et al. (1937) .
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